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Abstract In this study we assessed the representation of the sea surface salinity (SSS) and liquid freshwater
content (LFWC) of the Arctic Ocean in the historical simulation of 31 CMIP6 models with comparison

to 39 Coupled Model Intercomparison Project phase 5 (CMIPS) models, and investigated the projected
changes in Arctic liquid and solid freshwater content and freshwater budget in scenarios with two different
shared socioeconomic pathways (SSP2-4.5 and SSP5-8.5). No significant improvement was found in the

SSS and LFWC simulation from CMIPS to CMIP6, given the large model spreads in both CMIP phases.

The overestimation of LFWC continues to be a common bias in CMIP6. In the historical simulation, the
multi-model mean river runoff, net precipitation, Bering Strait and Barents Sea Opening (BSO) freshwater
transports are 2,928 + 1,068, 1,839 + 3,424, 2,538 + 1,009, and —636 + 553 km?/year, respectively. In the
last decade of the 21st century, CMIP6 MMM projects these budget terms to rise to 4,346 + 1,484 km?/

year (3,678 + 1,255 km?/year), 3,866 + 2,935 km?3/year (3,145 + 2,651 km®/year), 2,631 + 1,119 km?/year
(2,649 + 1,141 km?/year) and 1,033 + 1,496 km®/year (449 + 1,222 km?/year) under SSP5-8.5 (SSP2-4.5).
Arctic sea ice is expected to continue declining in the future, and sea ice meltwater flux is likely to decrease
to about zero in the mid-21st century under both SSP2-4.5 and SSP5-8.5 scenarios. Liquid freshwater exiting
Fram and Davis straits will be higher in the future, and the Fram Strait export will remain larger. The Arctic
Ocean is projected to hold a total of 160,300 + 62,330 km® (141,590 + 50,310 km?) liquid freshwater under
SSP5-8.5 (SSP2-4.5) by 2100, about 60% (40%) more than its historical climatology.

Plain Language Summary The Arctic Ocean is freshening, rendering strong implications on
changes in the Arctic physical and biogeochemical environment. Our knowledge about possible future

Arctic changes relies on results from Coupled Model Intercomparison Project (CMIP) models. In this study,
we conduct a comprehensive analysis on the Arctic sea surface salinity (SSS), liquid freshwater content
(LFWC) and freshwater budget by comparing the new CMIP6 to the previous Coupled Model Intercomparison
Project phase 5 (CMIPS) results. An improvement can be found in the SSS simulation in CMIP6, but the

large inter-model spread in both CMIP phases makes the improvement insignificant. In CMIP6, the Arctic
LFWC remains to be overestimated in the historical simulation. A strong freshening trend is projected in the
Arctic Ocean, with the freshwater sources from river runoff and net precipitation persistently increasing in a
warming climate. The inflow through the BSO is likely to change from an Arctic freshwater sink to a source
around 2050. At the end of this century, the total liquid freshwater storage is expected to rise by 60% under the
SSP5-8.5 scenario. In contrast to the increasing LFWC, the solid freshwater content in the form of sea ice is
projected to continue declining, with projected summer sea ice vanishing around 2050.

1. Introduction

Sitting at the northern end of the global hydrological cycle, the Arctic Ocean is the freshest ocean in the world.
Serreze et al. (2006) estimated that this giant pool holds a total of 74,000 + 7,400 km? liquid freshwater and
10,000 km? sea ice in 1979-2001. Freshwater is a key ingredient of the climate system in the Arctic region and
beyond. It is important in shaping the Arctic biological communities (Carmack et al., 2016) via, for example,
changing the supply of nutrients and organic matter to the Arctic Ocean (Holmes et al., 2012; Kipp et al., 2018;
Lara et al., 1998). Moreover, the freshwater over a relatively saline layer sets up a strong halocline which offers
protection to the floating sea ice from melting when deep convection occurs (Martinson & Steele, 2001; Polyakov
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et al., 2018; Rudels et al., 1996; Steele & Boyd, 1998). Due to an increase in the upward ocean heat flux through
the halocline and the recent weakening of the halocline stratification (Polyakov et al., 2020), a slowdown in
winter sea ice growth has been observed on the Eurasian side of the Arctic Ocean. The low-salinity Arctic water
could also potentially enhance upper ocean stratification in the Labrador and Nordic seas after being released
to the North Atlantic in both liquid and solid forms, thus inhibiting deep convection therein and weakening the
global thermohaline circulation (Condron & Winsor, 2012; Hikkinen, 1999; Karcher et al., 2005; Thornalley
et al., 2018). Therefore, understanding and adequately predicting changes in Arctic freshwater is of crucial
importance.

The Arctic Ocean is fed by several liquid freshwater sources including continental runoff discharge, the Bering
Strait inflow and surplus precipitation over evaporation. Pan-Arctic rivers collect the freshwater from snow melt-
ing and hose it into the shallow Arctic shelf seas. The river runoff is almost salt-free and forms the largest Arctic
freshwater source. Daily discharge data from river outlet stations documented an increase rate of 89 km? per
decade for the four largest Arctic-draining rivers in 1980-2009 (Ahmed et al., 2020). A study combining data
assimilation and satellite images demonstrated a larger Arctic river drainage acceleration than previously reported
(Feng et al., 2021). The Bering Strait inflow is the second largest freshwater provenance due to the relatively
low salinity of the Pacific water. Year-round in situ mooring data suggested a rise rate of about 0.01 Sv per
year (1 Sv = 10° m? per second) in the annual mean volume flux through Bering Strait in 1990-2015 (Wood-
gate, 2018). Net atmospheric input (precipitation minus evaporation, P-E) is also an important freshwater prove-
nance for the Arctic Ocean (Peterson et al., 2006). These freshwater sources are projected to rise in the future. For
example, runoff influx is expected to grow from 4,200 + 420 km?/year in 2000-2010 to 5,500 km?*/year by 2100
(Haine et al., 2015) due to a stronger hydrological cycle in a warming climate. Using an ensemble of CCSM4
projections, Vavrus et al. (2012) estimated that the Arctic precipitation would increase by about 40% by 2100.

In the past few decades, sea ice has decreased both in extent (Stroeve & Notz, 2018) and thickness (Belter
et al., 2020; Kwok, 2018). Numerical experiments revealed that in the 2000s, about half of the liquid freshwater
content (LFWC) rise in the Beaufort Gyre (BG) could be ascribed to sea ice decline (through both the meltwa-
ter and modification of ocean surface stress and circulation) caused by atmospheric warming (Wang, Wekerle,
Danilov, Koldunov, et al., 2018). Besides thermodynamic processes, sea ice export to lower latitudes is another
main process determining the Arctic solid freshwater content (SFWC) and the total freshwater storage. The
sea ice export through Fram Strait accounts for more than 90% of the total sea ice export (Haine et al., 2015;
Krumpen et al., 2016).

The upper circulation of the Arctic Ocean is dominated by two primary features, the BG and the Transpolar
Drift (Armitage et al., 2017). The Transpolar Drift originates from the Russian Arctic shelves, sweeps across the
North Pole and exits the Arctic Ocean through Fram Strait. It is a major conveyor driving sea ice and cold fresh
surface water flowing from the Arctic Ocean to the North Atlantic region (Pfirman et al., 1997; Proshutinsky
& Johnson, 1997; Spall, 2019). The anticyclonic BG is driven by the predominant Beaufort High atmospheric
pressure system. The strong Ekman convergence in this region makes the BG the largest freshwater reservoir in
the Arctic Ocean (Haine et al., 2015; Proshutinsky et al., 2002, 2019). Consequently, the liquid freshwater in the
Arctic Ocean shows an uneven distribution, with more freshwater trapped on the Amerasian side than on the
Eurasian side.

The variability of the Arctic atmospheric circulation is capable of influencing the spatial distribution of Arctic
liquid freshwater (Giles et al., 2012; Niederdrenk et al., 2016; Timmermans et al., 2011). Since the mid-1990s
when a more anticyclonic atmospheric circulation regime started to become dominant, a concurrent LFWC
increase in the Arctic Ocean has been detected from both observations and numerical simulations (Rabe
et al., 2014; Wang, Wekerle, et al., 2019). In episodes of increased Arctic Oscillation index, instead of entering
the Arctic basin near the Lomonosov Ridge, the Siberian runoff would reroute eastward and enter the Arctic basin
through the Makarov Basin (Morison et al., 2012). This shift in the runoff pathway was caused by the change
in the LFWC spatial distribution in response to the positive Arctic Oscillation (Wang, Danilov, et al., 2021).
Sea ice advecting out of the Arctic Ocean through Fram Strait would also increase under conditions of high
Arctic Oscillation index (Rigor et al., 2002), resulting in an Arctic SFWC decrease. It was found that an increase
(decrease) in the proportion of water masses of the Atlantic (Pacific) water origin can significantly reduce LFWC
regionally, especially in the Eurasian Basin (Wang, Wekerle, et al., 2019). Other factors like sea ice state (S. Wang
et al., 2021) and ice-ocean stress feedbacks (Dewey et al., 2018; Meneghello et al., 2018; Spall, 2020; Wang,
Marshall, et al., 2019) can also strongly influence the basin-wide LFWC distribution.
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The liquid freshwater in the Arctic Ocean has kept rising for decades. The Arctic LFWC was around 93,000 km?
for 1980-2000, but increased to 101,000 km?3 in 2000-2010 (Baffin Bay included, Haine et al., 2015). Using
salinity data of multiple origins, Rabe et al. (2014) found a positive LFWC trend of 600 + 300 km? per year
(1992-2012) in the central Arctic basin. The BG LFWC has also shown an increasing trend although it leveled
off over some years during the first half of the 2010s (J. Zhang et al., 2016). Based on measurements using
multiple observation techniques, Proshutinsky et al. (2019) estimated that the BG LFWC increased by more than
6,400 km? from 2003 to 2018.

Unlike the increasing LFWC, the Arctic SFWC has a negative trend in the last few decades. The total sea ice
volume loss was about 600 km? per decade in 1901-1940, but it rose to 3,810 km? per decade in the period
1978-2007 (Schweiger et al., 2019). Satellite records have shown a declining sea ice volume in both summer and
winter (Kwok, 2018). These decreasing trends are also evident in numerical simulations forced by atmospheric
reanalysis fields (Q. Wang et al., 2016a).

The Arctic SFWC (i.e., sea ice) started to show anthropogenic signals decades ago (S. Min et al., 2008). Notz
and Stroeve (2016) found a linear relationship between observed sea-ice loss and cumulative CO, emissions. The
Arctic LFWC changes significantly on seasonal to decadal time scales in response to wind variability (Cornish
et al., 2020; Dukhovskoy et al., 2004; Proshutinsky et al., 2002), but the recent changes in Arctic liquid freshwater
budget might already contain signals of anthropogenic climate change (Jahn & Laiho, 2020).

Arctic freshwater content and freshwater budget show large biases in model simulations, which is not only the
case for coupled climate models (Khosravi et al., 2022; Shu et al., 2015, 2018, 2020; SIMIP Community, 2020;
Zanowski et al., 2021), but also for forced ocean-ice models (Jahn et al., 2012; Q. Wang et al., 2016a, 2016b).
Large uncertainties in simulations could influence the prediction and understanding of the changes in the Arctic
Ocean. In the Coupled Model Intercomparison Project phase 5 (CMIP5) models, a strong freshening trend in the
Arctic Ocean in the future warming climate was projected, while there are large model spreads in the simulated
future changes in Arctic LFWC and different liquid freshwater budget terms (Shu et al., 2018). Compared to
observations, CMIP5 models underestimate the volume of Arctic sea ice (Shu et al., 2015) and hence the SFWC.
Is there a step change in the performance of the new CMIP6 models in simulating the Arctic freshwater content
and freshwater budget compared to the CMIP5 models? In this study, we conducted an extensive assessment of
Arctic freshwater content and freshwater budget simulated by CMIP6 models with comparisons to observations
and CMIP5 models' results. We will focus on the following questions: (a) Did CMIP6 models on average better
reproduce observations in their historical simulations? (b) Are the simulated future changes in CMIP6 models
similar to those simulated in CMIP5 models? (c) Are the model spreads reduced in CMIP6 models compared to
CMIP5 models?

The model data and analysis methods used in this study are given in Section 2, which is followed by model
assessment and future projection results in Section 3. Discussions and conclusions are given in Sections 4 and 5,
respectively.

2. Materials and Methods
2.1. CMIP Data and Observations

In the CMIP6 protocol, the historical simulation spans the period 1850-2014 (Eyring et al., 2016). For climate
projections, the Scenario Model Intercomparison Project (ScenarioMIP; O’Neill et al., 2016) is proposed to use
forcings representing different future pathways of societal development, the Shared Socioeconomic Pathways
(SSPs). In this study, the monthly outputs from the historical and two ScenarioMIP runs (SSP2-4.5 and SSP5-8.5)
of 31 CMIP6 models were employed. Evaluations on CMIP6 models have shown that global warming will
continue and scenarios with higher greenhouse gas emission correspond to stronger warming (Fan et al., 2020;
Tokarska et al., 2020).

Different model groups provided different number of ensemble realizations. We took the first ensemble member
for each model except CESM2. Model information is shown in Table S1 in Supporting Information S1. Most of
the models have a nominal horizontal resolution of 1°, except for CNRM-CM6-1-HR and GFDL-CM4 models,
which have higher resolution at about a quarter degree (1,442 X 1,050 and 1,440 x 1,080, respectively). In the
vertical, CMIP6 models generally have more than 40 ocean layers. We also used the historical simulation outputs
of 39 CMIP5 models (Table S2 in Supporting Information S1) for directly comparing the performance in repre-
senting sea surface salinity (SSS) and LFWC between the two CMIP phases.
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We use the annual mean climatology of PHC3.0 (Steele et al., 2001) and
0 ORASS (Zuo et al., 2019) to assess the model performance in reproducing the
Arctic Ocean SSS and LFWC. PHC3.0 is a merged product of WOA (World

= Ocean Atlas) and AOA (Arctic Ocean Atlas), both of which are based on
-100 interpolated in-situ observational data collected mainly from 1950s to 2000s.
200 The time mean over 1950-2005 of the historical run is taken as the simulated
500 climatology by CMIP models and compared to PHC3.0. Observation-based

volume and freshwater transports through Arctic gateways (Figure 1) includ-
-1000 ing Fram Strait, Davis Strait, Bering Strait and the Barents Sea Opening

(BSO) are also used for model assessment. Sea ice thickness data generated
by the Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS;
-3000 Zhang & Rothrock, 2003) is employed to evaluate the Arctic sea ice volume

-2000

-4000 simulated by CMIP6 models. Other volume and freshwater transport obser-

vations and reanalysis data set (e.g., Dee et al., 2011) are also referenced for
-5000 . . .
model-data comparison. All analyses were carried out using annual mean

data unless otherwise stated.

Figure 1. Arctic Ocean bottom topography (unit: m) from ETOPO1 (Amante 2.2. Methods

& Eakins, 2009) inside the Arctic domain. The four Arctic gateways are shown ) o ) ) )
with red lines. The black line encompasses the Amerasian Basin and the blue We stick to the same definition of LFWC as used in previous studies (e.g.,

line the Eurasian Basin. AB: Amerasian Basin; BS: Bering Strait; BSO: the Aagaard & Carmack, 1989; Proshutinsky et al., 2019; Shu et al., 2018;
Barents Sea Opening; CAA: Canadian Arctic Archipelago; DS: Davis Strait; Woodgate, 2018). The LFWC is defined as the volume of zero-salinity water

EB: Eurasian Basin; FS: Fram Strait.

per unit area required to be taken out from the ocean so that the salinity
of the water column is changed to the chosen reference salinity (Q. Wang
et al., 2016b). At each location LFWC is calculated as

0
LFWC = / (Sref - Sw) /LgrefdZ
D

where S, is water salinity, S,., = 34.8 psu is the reference salinity and D is the isohaline depth for S, = S, (or the
ocean bottom depth if salinity in the whole column is lower than S ;). The total volumetric LFWC in the Arctic
Ocean is obtained by integrating over the Arctic Ocean.

The total SFWC is defined as
SFWC = // Siet = 85 Pi g
A Sref Pw

where S, = 4 psu is sea ice salinity, p, = 910 kg m~3 is sea ice density, p, = 1,024 kg m~3 is ocean water density
and &, is the sea-ice volume per grid-cell area (which is also called equivalent sea-ice thickness). For models that
do not provide the A, variable, we multiply sea ice concentration with sea ice thickness to calculate it. Taking all
these values into the above equation, we can estimate the SFWC as

spwczf/Mﬂhidst.m//hids
A Stef Pw A

which is consistent with other publications (e.g., C. Min et al., 2021; Spreen et al., 2020).

We define the volume transport of ocean water through Arctic gateways as

I/acean = //deo'
-

where o is gateway transect area and u,, is sea water velocity perpendicular to the transect.

The volume transport of liquid freshwater through each gateway is calculated as

I/quuia' = //uw (1 - SW/Sref)da

and the volume transport of solid freshwater is
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Violia = // Stet = 85 DL dL ~ 079 // handL
L S'ref Pw -

where y; is sea ice velocity perpendicular to the transect and L is the transect length.

We take the four Arctic gateways close to where the straits are the narrowest as suggested by Griffies et al. (2016).
As we try to align the transects along the original gridline of each model for an easy calculation of the trans-
ports, the locations of the gateway transects might slightly differ among the models. A zigzag line is needed for
calculating the BSO transports because there is no gridlines right across the BSO in almost every model. In order
to avoid extra uncertainties resulting from horizontal or vertical interpolation, all the calculations are done on
the original model grid except for those only providing output on interpolated grids (e.g., INM-CM5-0). Model
results are interpolated onto a common 0.2° longitude-latitude grid for calculating the multi-model mean (MMM)
of 2D fields.

Following Serreze et al. (2006) and Shu et al. (2018), we define the region confined by Bering Strait, Fram Strait,
the BSO and the northern boundary of the Canadian Arctic Archipelago (CAA) as the Arctic Ocean (Figure 1).
When analyzing volume and freshwater transports, Davis Strait is taken as the gateway boundary because the
narrow CAA straits are treated differently in different models, for example, with different numbers of straits. Note
that the values of liquid and SFWC shown in the paper, for both simulations and observations, are for the defined
Arctic domain (Figure 1) rather than the whole sea ice-covered region.

3. Results
3.1. SSS and LFWC Evaluation

The Arctic Ocean is a confluence of saline water from the Atlantic and Pacific oceans and freshwater of different
sources (Carmack et al., 2016). On the Atlantic side, high-salinity water flows into the Arctic Ocean through two
oceanic gateways (the BSO and Fram Strait), and then gradually mixes with low salinity waters on the way circu-
lating around the continental slopes. A high-salinity tongue fading away into the Arctic Ocean can be observed
in the Atlantic sector (Figure 2a). The lowest SSS is found near major river mouths in shelf regions due to the
freshness of river water. In the BG region, freshwater converged by strong Ekman transports, including river
water and Pacific Water, forms a center of low salinity.

The MMM results of both CMIP phases are able to reproduce the basin-scale pattern of PHC3.0 SSS, includ-
ing the high-salinity tongue in the Atlantic sector and the low salinity in shelf regions (Figures 2b and 2c).
Regional SSS biases, however, exist in several places, with the Amerasian Basin and the East Siberian and
Kara seas being too saline, and Nansen Basin and the Barents Sea being too fresh (Figures 2d and 2e).
The SSS difference pattern - higher salinity on the Pacific side and lower salinity on the Atlantic side - is
quite similar to that of CORE-II models (the Coordinated Ocean-ice Reference Experiments phase II, Ilicak
et al., 2016). From CMIP5 to CMIP6, both positive SSS biases in the Amerasian Basin and negative biases
in Nansen Basin and the Barents Sea are decreased. In CMIP5, the mean Amerasian SSS bias is 0.72 psu and
the mean Eurasian SSS bias is —0.44 psu. These two values fall to 0.62 and —0.34 psu in CMIP6, respectively.
But we also need to note that the seemingly decreased SSS biases from CMIPS5 to CMIP6 come with large
inter-model uncertainties (panels a-b in Figures S1 and S2 in Supporting Information S1) and hence are not
statistically significant.

The East Siberian and Kara seas bear large positive SSS biases in both CMIP5 and CMIP6. In these continental
shelf areas, the representation of both river discharge and coastal current can influence the local salinity simula-
tion (Miinchow et al., 1999; Steele & Ermold, 2004). For example, in the Kara Sea where rivers Yenisei and OB
hose more than 900 km? freshwater each year, we detected a negative correlation between SSS and river runoff,
especially in summer after the spring freshet (Figure S3 in Supporting Information S1). In another word, lower
SSS comes with more river runoff in these areas.

Figure 3 shows the LFWC derived from PHC3.0 and historical simulations of both CMIP phases. Observation
shows that the BG has the highest LFWC with a magnitude of more than 20 m (Figure 3a) while there is relatively
lower LFWC over the shallow continental shelf regions (Figure 2a). Fournier et al. (2020) suggested that in some
Arctic regions SSS is a good proxy of LFWC. For example, the gradually rising LFWC from the Arctic southern
boundary in the Atlantic sector to the interior of the Arctic Ocean is well manifested by the extension of the
high-salinity tongue (Figures 2a and 3a).
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(a) PHC3.0 (b) CMIP6 (c) CMIP5

[psul

30 31 32 33 34 35
[psul

-15 -0.9 -0.3 03 09 15

Figure 2. Sea surface salinity (SSS) from (a) PHC3.0 and multi-model means (MMMs) of (b) 31 CMIP6 models and (c) 39
CMIPS5 models, and SSS biases of (d) CMIP6 and (e) CMIP5 MMMs relative to PHC3.0. The time mean of historical outputs
from 1950 to 2005 is used to represent the SSS climatology of each model. The upper color bar in the bottom left corresponds
to salinity shown in panels (a—c), and the lower color bar corresponds to salinity biases in panels (d—e). Magenta scatters in
panels (d—e) stand for locations where model-observation bias is larger than inter-model one standard deviation.

The spatial pattern of high LFWC on the Amerasian side and low LEFWC on the Eurasian side is captured by
both CMIP phases (Figures 3b and 3c). However, both CMIP5 and CMIP6 MMMs overestimate the LFWC
(Figures 3d and 3e). The MMMs of both CMIP phases show negative salinity biases in the upper 500 m in the
Eurasian Basin (Figure 4a), leading to the overestimated LFWC therein. A giant freshwater pool with LFWC
of more than 20 m occupies almost the whole Amerasian Basin, and the concurrence of too high SSS and

(a) PHC3.0 (b) CMIP6 (c) CMIP5

Figure 3. Liquid freshwater content (LFWC) derived from (a) PHC3.0 and MMMs of (b) 31 CMIP6 models and (c) 39
CMIP5 models, and LFWC biases of (d) CMIP6 and (¢) CMIP5 MMMs relative to PHC3.0. The LFWC of each individual
model is shown in Figures S4 and S5 in Supporting Information S1. The time mean of historical outputs from 1950 to 2005 is
used to represent the LFWC climatology of each model. The upper color bar in the bottom left corresponds to LFWC shown
in panels (a—c), and the lower color bar corresponds to LFWC biases in panels (d—e). Magenta scatters in panels (d and e)
stand for locations where model-observation bias is larger than inter-model one standard deviation.
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o () Eurasian Basin _(b) Amerasian Basin excessive freshwater (Figures 2d—2e, and 3d-3e) can be explained by the fact
100k 1 L | that salinity in the models is overly mixed in the vertical direction, with too
high salinity at surface and too low salinity in the mid and lower halocline
200 = 1 T ] (Figure 4b). This is consistent with the findings of Khosravi et al. (2022)
300 1 T T where they reported negative salinity biases of CMIP6 MMM in the Eurasian
E 400 (A : Basin while in the Amerasian Basin, the salinity biases are positive in the
£ 500F " . upper tens of meters and negative in the rest of the water column. Nearly in
§ 600 - i R A the whole Amerasian Basin, the modeled LFWC in CMIP6 is more positively
700 L | . ) - biased than in CMIP5 (Figures 3d and 3e). Quantitatively the mean bias in
the Amerasian Basin is 4.4 m in CMIP6, while it is 3.2 m in CMIPS5. Again,
8pe _:EI:A(I:F?éOMMM | " the model-observation bias is less than inter-model LFWC spread (panels
900 | ——CMIP5 MMM 1 T T 7 c and d in Figures S1 and S2 in Supporting Information S1), especially in
1000

31 32 33 34 35
[psul

Figure 4. Salinity profiles averaged in the (a) Eurasian Basin and (b)
Amerasian Basin from PHC3.0 and the CMIP6 and CMIP5 multi-model
means. Shading depicts the range of one standard deviation of CMIP6 results,

36 3'1 3'2 3'3 3' 4 35 36 CMIP6. The magnitude of the model spreads is similar between CMIP5 and
[psul CMIP6, although their spatial patterns are different.

Most CMIP6 models are capable of reproducing the large-scale LFWC
pattern: lower in the Eurasian Basin and higher in the Amerasian Basin
(Figure S4 in Supporting Information S1, check also the CMIPS LFWC

while CMIP5 one-standard-deviation range is shown by the blue error bars. pattern in Figure S5 in Supporting Information S1). However, other than

FGOALS-g3 [No. 17] and INM-CMS5-0 [No. 23] which simulate less LFWC

compared to PHC3.0, almost all models overestimate the Arctic LFWC, in
both the deep basins and the Arctic Ocean as a whole. Among the models of about 1° horizontal resolution,
EC-Earth3 [No. 15] and FIO-ESM-2-0 [No. 18] the most faithfully reproduce the LFWC, resembling the PHC3.0
LFWC in both magnitude and spatial pattern. In order to assess individual model performance and model spread
quantitatively, the area-weighted LFWC (in meter) in the Eurasian Basin, the Amerasian Basin and the whole
Arctic Ocean are computed (Figure 5). The mean LFWCs of PHC3.0 in these three regions are 6.0, 13.9 and
4.1 m, respectively. As a comparison, the three LFWC values in CMIP6 (CMIP5) MMM are 12.2 m (12.2 m),
18.3 m (17.0 m) and 8.8 m (7.7 m), respectively. All of these basin-wide mean LFWCs are considerably over-
estimated compared to PHC3.0, for both CMIP5 and CMIP6. More than 1/3 of the CMIP6 models overestimate
the freshwater in the Eurasian Basin by more than 100%, and nearly 2/3 of the CMIP6 models overestimate the
Arctic mean LFWC by 100%.

3.2. Liquid Freshwater Storage and Fluxes

Observations indicated a LFWC increase in the Amerasian Basin since the mid-1990s while a LFWC decrease in
the Eurasian Basin was also recorded (McPhee et al., 2009; Morison et al., 2012; Rabe et al., 2014). The di-pole
pattern, a SSS increase and hence LFWC decrease in the Eurasian Basin, and a SSS decrease and hence LFWC
increase in the Amerasian Basin, can be well captured by the ORASS reanalysis data (Figures 6a and 6¢). In the
same period, CMIP6 MMM can only simulate the SSS decrease and LFWC increase in the Amerasian Basin
but with smaller amplitude (Figures 6b and 6f). The SSS increase and LFWC decrease signal was only confined
within the Barents and Kara seas, and did not penetrate to the Eurasian Basin which is evident in ORASS. The
MMM total freshwater stored in the Arctic Ocean is 100,170 + 40,120 km?, which is highly overestimated
compared to the 68,490 km? freshwater indicated by PHC3.0 (Figures 6g and Table 1). The MMM total fresh-
water storage starts to increase from the mid-1990s (Figure 6g), which is consistent with the observed liquid
freshwater increase (Rabe et al., 2014).

In future warming climates, CMIP6 models project a freshening trend in most parts of the Arctic Ocean, espe-
cially along the Arctic coasts (Figures 6¢ and 6d). In these near-shore regions, SSS is projected to reduce more
in a more intense warming scenario, with the sharpest freshening trend being higher than —0.2 psu per decade.
Given the negative correlation between SSS and river runoff in these regions (Figure S3 in Supporting Informa-
tion S1), part of the strong freshening trend can be explained by increasing river runoff in the warming climate
(Figure 9a). The signal of rising SSS in the Barents and Kara seas during the historical period is projected to shift
to the Eurasian Basin in the future. This is different from CMIPS5 results that salinities in both the Eurasian Basin
and the Barents and Kara seas are projected to increase in the future (Figure S6 in Supporting Information S1).

Models demonstrate remarkable LFWC increase in future warming scenarios, with more LFWC accumulation
along the shelf breaks (>1.0 m per decade) while the central Arctic and the Eurasian coastal seas only showing
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Figure 5. Basin-wide mean liquid freshwater content (LFWC) in the (a) Eurasian Basin, (b) Amerasian Basin and (c) whole Arctic Ocean from CMIP6 models and
PHC3.0. The black line marks the LFWC derived from PHC3.0. The blue line is the CMIP6 MMM and the blue shading is MMM + one standard deviation (we also
call the one-standard-deviation range as inter-model spread or uncertainty in the text). Numbers on x-axes correspond to the model numbers listed in Table S1 in
Supporting Information S1. The CMIP5 MMM LFWC (red lines) is also plotted for comparison.

moderate LFWC rise (Figure 6). When forced by rising greenhouse gas concentrations, coupled models show
positive trends of the Arctic Oscillation index (Gillett et al., 2002). Q. Wang et al. (2021) found that when
the Arctic Oscillation becomes more positive, there is an Ekman transport anomaly directing from the central
Arctic Ocean to its periphery, leading to LFWC decrease in central deep basins and LFWC increase in Arctic
marginal seas. The significant LFWC rise along the continental slope on the Eurasian side in CMIP6 is absent
in CMIP5 (Figure S6 in Supporting Information S1, see also Figure 4 of Shu et al., 2018). The Arctic total
freshwater storage remains similar between SSP2-4.5 and SSP5-8.5 till the mid-21st century and the difference
becomes obvious afterward (Figure 6i), which is consistent with the projected future evolution of Arctic fresh-
water budget terms (see Section 3.3 below). By the year of 2100, the Arctic Ocean is projected to hold a total
of 160,300 + 62,330 km? (141,590 + 50,310 km?) freshwater in the SSP5-8.5 (SSP2-4.5) scenario, about 60%
(40%) higher than its historical climatology.

Among the four Arctic gateways, transports through Fram Strait and Davis Strait are major liquid freshwater
sinks while the Bering Strait feeds freshwater into the Arctic Ocean. In addition, continental runoff, precipitation
minus evaporation (P-E) and meltwater from sea ice are also important liquid freshwater sources for the Arctic
Ocean. In the remaining of this section, mean salinities and volume and freshwater fluxes at the Arctic gateways
are analyzed.

Pacific water flowing through Bering Strait brings in low-salinity water, contributing to about 30% of the total
freshwater into the Arctic Ocean (Serreze et al., 2006). Throughout the historical simulation, CMIP6 MMM
captures a net volume transport of about 1.06 + 0.43 Sv (Figure 7a), close to the observation of Roach et al. (1995)
in 1990-1994 (0.8 + 0.2 Sv) and Woodgate (2018) in 2003-2015 (1.0 + 0.2 Sv) if the observational uncertainty
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Figure 6. Linear trends of CMIP6 MMM (a—d) sea surface salinity (SSS) and (e-h) liquid freshwater content (LFWC) and
(i) the total liquid freshwater storage in the Arctic Ocean. (a, ¢) ORASS trends over 1979-2014, (b, f) CMIP6 historical trends
over 1979-2014; (c, g) CMIP6 projected trends over 2015-2100 in the SSP2-4.5 scenario; (d, h) CMIP6 projected trends over
2015-2100 in the SSP5-8.5 scenario. The label on the left side of the color bar corresponds to SSS trend and the right label
corresponds to LFWC trend. The number in parenthesis in the legend of (i) means the number of models used in the ensemble
analysis. Shading depicts the range of one standard deviation.
Table 1

Annual Mean Arctic Ocean Freshwater Storages (Unit: km?) and Major Freshwater Budget Terms (Unit: km®/Year) From CMIP5 and CMIP6 Historical Simulations
and Observations

Arctic oceanfreshwater CMIP6 mean + one CMIP6 CMIP5? mean + one CMIP5*?

budget terms Observation standard deviation (minimum~ maximum) standard deviation (minimum ~ maximum)
Liquid storage 68,494° 100,170 =+ 40,120 [34,600~204,950] 103,350 + 39,560 [23,510~233,630]
Bering S. (liquid) 2,890 + 324¢ 2652 + 1,042 [413~4,484] 1,892 + 1,041 [442~4,131]
The BSO (liquid) —95 + 954 —681 £ 576 [-1,748~857] —473 + 536 [-1,734~505]
Fram S. (liquid) —2,700 + 530¢ —1,785 + 896 [-3,982~-352] —3,185 + 1,545 [-5,330~—442]
Davis S. (liquid) —2,933 + 3241 —-2,679 + 1,356 [-5,725~524] —1,703 + 1,545 [-4,257~-63]
River runoff 3,200 + 110¢ 2,960 + 1,069 [242~4,118] 2,617 + 1,135 [126~3,816]
P-E 2,016 + 161" 1,953 + 3,339 [-9,082~5,060] 2,018 + 473 [1,293~3,374]
Solid storage 15,964 + 1,997 14,688 + 1,742 [373~26,317] - -

8,035 + 2,548 7,211 £ 1,953 [0~19,290]
Fram S. (solid) —1,569 + 458%—1,904 + 504! —1,407 + 174 [-2,788~0] —1,671 + 946 [-4,604~-631]
Davis S. (solid) —331 + 45" —403 + 175 [-635~0] - -

The freshwater budget terms in CMIP5 are from Shu et al. (2018). ®derived from PHC3.0. *Woodgate (2018), 2000 ~ 2004. “Haine et al. (2015), 1980 ~ 2000. “Haine
etal. (2015), 1980 ~ 2000. Curry et al. (2014), 2004 ~ 2009. £Serreze et al. (2006), 1980 ~ 1999. "ER A-Interim, 1979 ~ 2014. 'PIOMAS in March 1979 ~ 2014. )PIOMAS
in September 1979 ~ 2014. XSpreen et al. (2020), 1992 ~ 2013, derived from NSIDC ice drift. 'Spreen et al. (2020), 1993 ~ 2013, derived from JPL ice drift.
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is considered. Similarly, the MMM of CORE-II models reproduce a net volume flux of 1.04 + 0.32 Sv (Q. Wang
et al., 2016b). The simulated freshwater transport through Bering Strait is 2,652 + 1,042 km?/year (Figure 7c¢),
which exhibits improvement compared to that in CMIP5 (1,892 + 1,041 km?¥/year, Shu et al., 2018) and CMIP3
(2,334 + 2,523 km>/year, Holland et al., 2007).

In the warming climate, the persistent freshening in the Artic Ocean leads to a halosteric sea level rise (J. Yin
etal., 2010). In addition, the ocean mass tends to transferring from deep oceans to shallow shelf oceans (Landerer
etal., 2007). As aresult, the northern side of Bering Strait will experience a higher dynamic sea level rise than the
southern side (Figure 8), rendering a decreasing northward volume transport. On the other hand, the salinity of
the throughflow also keeps a declining trend (Figure 7b), with larger decrease occurring in warmer climates. The
combined changes of volume transport and salinity make the Bering Strait freshwater transport remain relatively
stable (Figure 7c). The projected change in Bering Strait freshwater transport anomalies (Figure S7a in Support-
ing Information S1) is pretty different from that in CMIP5 which projected a first increasing and then decreasing
freshwater flux (Shu et al., 2018).

Both saline Atlantic Water and fresh Norwegian Coast Current enter the Barents Sea through the BSO (Smedsrud
et al., 2010). Similar to observations (Skagseth et al., 2008), the climatological mean transport is 2.39 + 0.97 Sv
(1950-2005), close to the observation estimation of 2.0-2.3 Sv (1997-2007, Skagseth et al., 2008; Smedsrud
et al., 2010, 2013). As a comparison, the MMM net volume flux in CORE-II models is 2.72 + 0.87 Sv (Q.
Wang et al., 2016b). As the BSO salinity is higher than 34.8 psu, the reference salinity (Figure 7e), the relatively
higher volume influx causes a negative bias in the MMM freshwater flux (—681 + 576 km?/year in 1980-2000,
Figure 7f); the observed freshwater transport is only about —95 + 95 km?/year in 1980-2000 (Haine et al., 2015).
During the historical simulation, the simulated freshwater flux shows no significant change despite the rise in
volume transport after 1980 (Figures 7d—7f) because the BSO salinity is close to the reference salinity.

In different warming scenarios, on average, CMIP6 MMM barely simulates significant trends in the BSO volume
transport. The salinity in the BSO, however, keeps decreasing throughout the 21st century (Figure 7e), as a
consequence of both the reduction in salt transport from low to high latitudes (due to reduction in AMOC in the
warming climate, Collins et al., 2013) and the enhanced water cycle in a warming climate (Vavrus et al., 2012).
From 2014 to 2100, the mean salinity in the BSO falls from 35.0 to 34.4 psu (34.6 psu) in the SSP585 (SSP245)
scenario. Around 2040-2050, the mean salinity is projected to fall below the reference salinity (34.8 psu), making
the BSO inflow shift from an Arctic freshwater sink to a source. CMIP6 MMM projects a steady rise in the BSO
freshwater transport in the future (Figure 7f). This is different from CMIP5 MMM in which the BSO freshwater
transport will rise slowly before an abrupt increase after 2040. In CMIPS5 results, the future change of the BSO
freshwater flux exhibits the largest inter-model spread among all the Arctic freshwater budget terms. In CMIP6
the model spread is reduced considerably (Figure S7b in Supporting Information S1) and is smaller than some
other budget terms.

As the only deep connection between the Arctic Ocean and the world ocean, Fram Strait is a confluence of several
water masses (e.g., Stoven et al., 2016) and is a major freshwater sink for the Arctic Ocean. Main ocean currents
include northward West Spitsbergen Current and southward East Greenland Current. Observations show a net
volume flux of about —2.0 & 2.7 Sv in 1997-2006 (Schauer et al., 2008), and the CMIP6 MMM (—2.46 + 1.26 Sv)
stays within the large observation uncertainty in the same period (Figure 7g). The estimated net freshwater flux
through Fram Strait by Haine et al. (2015) is —2,700 + 530 km?*/year in 1980-2000. In contrast to the overesti-
mation in CMIP5 (—3,185 + 1,545 km?/year, Shu et al., 2018) and CMIP3 (—3,090 + 3,090 km?/year, Holland
et al., 2007), CMIP6 MMM (—1,785 + 896 km?/year) underestimates the climatological freshwater throughflow
(Figure 7i).

The net freshwater flux of Fram Strait is projected to continue the rising trend of the historical simulation until
around 2060, after which the intensity of the freshwater transport will stay relatively stable in both scenarios.
Before 2060, both the volume transport increase (Figure 7g) and salinity decrease (Figure 7h) contribute to the
rising freshwater outflow. In the last few decades of the 21st century, volume transport starts to fall and offsets
the effect of decreasing salinity, causing a relative stable freshwater outflow (Figure 7i). Compared to CMIP6,
CMIP5 MMM projected a weaker increase in Fram Strait freshwater flux (Figure 6 in Shu et al., 2018). The leve-
ling off of the freshwater transport simulated by CMIP6 models is absent in CMIP5 results.

Separating the inflow and outflow enables to quantify their individual contribution to the net transport through
the strait. Over the last two decades the Atlantic inflow increased and caused a warming trend in the Arctic
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Figure 7. CMIP6 multi-model mean (left column) net volume flux, (middle column) area-weighted salinity and (right column) net freshwater flux for (a—c) Bering
Strait, (d—f) the Barents Sea Opening, (g—i) Fram Strait and (j-1) Davis Strait. Units of volume flux, salinity and freshwater flux are Sv, psu and 10°xkm?/year,

respectively. The

dashed line in each panel denotes the demarcation between historical simulation and future projection. In the left and right columns, positive indicates

net flow into the Arctic Ocean while negative stands for outflow. The thin lines depict the 5th and 95th percentiles of the model ensemble, and shading shows the range
of one standard deviation. The number in parenthesis in the legend of each panel means the number of models used in the MMM calculation. Available observations
are also provided for model-observation comparison. Note the difference of y-axis ranges between Bering Strait (3 Sv, 6 psu, 8 X 10° km?) and the other three

gateways (8 Sv, 2 psu, 13 X 10° km?). Check also the simulated and observed freshwater budget terms in Table 1. In panel (d), we combine estimations from Smedsrud
et al. (2010), Skagseth et al. (2008) and Smedsrud et al. (2013) together to give an observation estimation of the Barents Sea Opening (BSO) net volume transport as

2.0-2.3 Sw.

Atlantic Water layer (Q. Wang et al., 2020). The CMIP6 models consistently simulated an increase in Atlantic
Water import through Fram Strait in the early 21st century (Figure S8 in Supporting Information S1). However,
after about 2020, the Atlantic inflow does not change a lot until the end of the 21st century. Overall, the change in
the net volume transport largely follows the change in the outflow, and the net freshwater transport is also mainly
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Davis Strait is another volume and freshwater sink for the Arctic Ocean.

Freshwater passes through the CAA into Baffin Bay and then leaves Davis

0.2 Strait as the surface-intensified Baffin Island Current (Cuny et al., 2005). On

the eastern side of Baffin Bay, West Greenland Current brings relatively salty

0 and warm waters along western Greenland. Moored arrays along the strait

section recorded a declining net transport from —2.0 + 0.5 Sv in 2004-2005

to —1.5 + 0.5 Sv in 2009-2010 (Curry et al., 2014). The declining volume

-0.2 transport can be reproduced by CMIP6 results (Figure 7j). The net freshwater

transport through Davis Strait was observed to be about —2,933 + 324 km?/

0.4 year in 2004-2010 (Curry et al., 2014) and it can be well represented by
s CMIP6 models (—2,679 + 1,356 km?/year in 2004—2010, Figure 71).

0.6 In future warming scenarios, the mean salinity at Davis Strait shows a persis-
! tent falling trend (Figure 7k), with more decline happening in the warmer

Figure 8. CMIP6 multi-model mean dynamic sea level change in 2018-2100 scenario. The declining volume transport before 2060 counteracts the effect

(SSP5-8.5) relative to 1995-2014.

of the falling salinity, and thus causes a relatively stable freshwater flux

(Figures 71). The volume fluxes exporting the Fram and Davis straits show

opposing changes (Figures 7g and 7j, Figures S8a and S8d in Supporting
Information S1), which might be attributed to the changing dynamic sea levels in the Arctic Ocean and North
Atlantic subpolar gyre (Nummelin et al., 2016; Q. Wang et al., 2022). After 2060, the volume transport has an
increasing trend, together with the decreasing trend of salinity, leading to a rise in the net freshwater outflow.
The changes in net volume and freshwater transports through Davis Strait are largely determined by the changes
in the outflow, that is, the Baffin Island Current (Figure S8f in Supporting Information S1). The projected future
evolution of Davis Strait freshwater transport in CMIP6 is very different from that in CMIPS. In CMIPS5 the Davis
Strait freshwater transport shows a rapid increase when simulations transit from historical to future simulations
(Figure 6 of Shu et al., 2018).

River runoff and P-E are two important freshwater provenances for the Arctic Ocean (Serreze et al., 2006).
Compared to the CMIP5 result (2,617 + 1,135 km?/year, Shu et al., 2018), CMIP6 models show improve-
ment in the simulated river runoff in the historical runs (2,960 + 1,069 km?/year, Figure 9a), in comparison to
3,200 + 110 km?/year in the same period estimated by Serreze et al. (2006). In the scenario simulations river
runoff increases, with higher increase in warmer climate. The increase in river runoff is stronger in CMIP6 than
in CMIPS (see CMIPS results in Figure 1 of Nummelin et al., 2016 and Figure 6 of Shu et al., 2018). In particular,
in the SSP5-8.5 scenario, CMIP6 MMM simulates a runoff rise of 1,555 km?3/year (Figure S7e in Supporting
Information S1) till the end of this century relative to the historical climatology. This result is similar with the
findings of Zanowski et al. (2021) who used seven CMIP6 models with more ensemble members and found that
runoff is expected to increase from 3,546 km?¥/year in the historical simulation to 5,605 km?*/year in the SSP5-8.5
projection. As a contrast, the projected runoff increase by CMIP5 models is about 946 km?/year (Shu et al., 2018).

The Clausius-Clapeyron equation dictates about a 7%/°C increase in moisture content in the lower troposphere
(Held & Soden, 2006). The mid-latitude storm tracks are expected to intensify with poleward and upward shifts
(J. H. Yin, 2005), supplying more moisture from low to high latitudes and enhancing precipitation and runoff
over the Arctic region in the warming future (Tebaldi et al., 2021; X. Zhang et al., 2013). According to CMIP6
simulations, P-E rises slowly in the historical period, and the MMM flux (1,953 + 3,339 km?/year) can perfectly
reproduce that in the ERA-Interim reanalysis data (2,016 + 161 km?/year, Figure 9b). On the other hand, the
model spread of P-E is the largest among all the freshwater budget terms. Like the response of river runoff to
future warming, P-E increases in a warming climate, with a higher increase in the warmer scenario. Compared
to CMIPS, the rise in P-E is more pronounced in CMIP6. Indeed, relative to the mean of the 1950s, in CMIP5
the BSO transport and river runoff are the two largest freshwater suppliers to the Arctic Ocean at the end of this
century (Shu et al., 2018), while in CMIP6, P-E increases the most and is the largest contributor to Arctic fresh-
ening (Figures S7f in Supporting Information S1). From the historical and SSP5-8.5 results, we found a linear
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Figure 9. Left column: CMIP6 multi-model mean (MMM) net liquid freshwater flux from (a) river runoff, (b) precipitation
minus evaporation (P-E) and (c) sea ice melting (unit: 10>xkm?/year). Right column: MMM freshwater flux changes relative
to 1950 within the Arctic Ocean (unit: 10*xkm?/year) versus global mean surface air temperature (SAT) change in the
historical simulation and SSP5-8.5 projection. The dashed line in the left column denotes the demarcation between historical
simulation and future projection. Positive indicates net flux into the Arctic Ocean while negative stands for outflow. The thin
lines depict the 5th and 95th percentiles of the model ensemble, and shading depicts the range of one standard deviation. The
number in parenthesis in the legend means the number of models used in the MMM calculation. Available observations are
also provided for model-observation comparison. Shown in the plot are annual mean results. Check also the simulated and
observed freshwater budget terms in Table 1.

relationship between the strength of the water cycle (runoff, precipitation and evaporation) and the global mean
surface air temperature in CMIP6 models, with CMIP6 MMM showing a 280 km?/year and 380 km?3/year flux
rise per degree of warming for river runoff and P-E, respectively (Figures 9d and 9e).

As the Arctic carries on warming, an ice-free Arctic Ocean in summer seems to be an inevitable situation inde-
pendent on forcing scenarios applied in CMIP6 models (SIMIP Community, 2020). With the reduction in sea ice
volume, sea ice meltwater flux decreases with time in a warming climate (Figure 9c). CMIP6 MMM shows that
sea ice meltwater decreases by 160 km?/year for every one degree of global warming (Figure 9f).

The model spreads of the climate change signal (anomaly referenced to the 1950s mean) of Arctic freshwater
budget terms are shown in Figure S7 in Supporting Information S1. Despite the very small mean values at the
end of the 21st century (Figure 9c), sea ice meltwater has a very large model spread in its climate change signal,
similar to those of P-E and freshwater transports through Fram and Davis straits (Figure S7 in Supporting Infor-
mation S1). The model spreads of climate change signals of river runoff and freshwater transports through Bering
Strait and the BSO are relatively smaller. Different from CMIP6 models, the model spread of climate change
signals is the largest in the BSO freshwater transport in CMIPS5 models (Shu et al., 2018). Model spreads in the
freshwater transport through Fram and Davis straits are similar between the two CMIP phases.
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3.3. Solid Freshwater Storage and Fluxes

Sea ice is a more general indicator of Arctic warming than other variables. It is reported that CMIP6 MMM and the
MMMs of the previous two CMIP phases reproduce similar Arctic sea ice area climatology that is consistent with
observations (SIMIP Community, 2020). The MMM of CMIP6 historical runs simulates a rapid SFWC decrease
starting from the 1980s (Figures 10a and 10b), with the SFWC in March decreasing from 16,976 + 6,993 in 1980
to 11,863 + 3,804 km? in 2014, and the SFWC in September decreasing from 9,767 + 6,967 to 4,391 + 3,106 km?.
In the same time span, the simulated SFWC by PIOMAS is generally more than CMIP6 MMM but locates well
within the large model uncertainty, reducing from 18,607 to 12,247 km? in March, and from 11,174 to 4,929 km?
in September. Summer sea ice is projected to continue the current declining trend into the future, and disappear
around the year 2050 in both emission scenarios considered here. Sea ice in winter also keeps a fast melting in the
first half of the 21st century for both scenarios, but an appreciable deceleration emerges in SSP2-4.5 after 2050.

The solid freshwater transports through the four main gateways are projected to keep declining (Figures 10c—10f).
This is expected given the persistently retreating sea ice (Figures 10a and 10b), and the fact that the trend of sea
ice volume transport is determined by sea ice thickness (Langehaug et al., 2013; Q. Wang, Ricker, et al., 2021).
The sea ice inflow through Bering Strait nearly reaches zero around 2060 in both scenarios, but it keeps a
multi-decadal variability in SSP2-4.5 afterward (Figure 10c). Sea ice exiting the BSO almost totally disappears
around 2050, indicating a sea-ice free Barents Sea in the second half of this century (Figure 10d). In the past
several decades, sea ice import into this region declined sharply and enhanced vertical mixing of the water
column, making the northern Barents Sea the warming hotspot in the Arctic (Lind et al., 2018).

As the main oceanic gateway of Arctic sea ice export, Fram Strait accounts for about 90% of the total Arctic sea
ice outflow (Haine et al., 2015; Serreze et al., 2006). According to the estimation of Spreen et al. (2020), the
solid freshwater outflow through Fram Strait has kept decreasing since the 1990s, which can be reproduced by
models although models tend to underestimate the decrease rate (Figure 10e). The difference between SSP2-4.5
and SSP5-8.5 starts to emerge from 2040 and keeps growing in the process of the continued warming. The Davis
Strait solid freshwater outflow remained stable at first and started to decrease from 1990 onwards. The obser-
vation by Curry et al. (2014) indicated a Davis Strait sea ice outflow of =331 + 45 km?/year in 20042010, and
CMIP6 MMM reproduces an outflow of —403 + 175 km?/year in the same time period. When the Davis Strait
outflow continues decreasing in the future, scenario-induced difference emerges around 2060, with the outflow
almost vanishing in SSP5-8.5 in 2100 but stabilizing around —200 km?3/year in SSP2-4.5.

3.4. Total Freshwater Budgets

A freshwater budget analysis is conducted by summing up all the freshwater sources and sinks that have been
discussed above as shown in Figure 11. Note that sea ice formation or melt does not change the total freshwater
stored in the Arctic Ocean, and should be excluded from the budget analysis. According to the CMIP6 projection
in SSP5-8.5, river runoff, net precipitation (P-E) and the Bering Strait inflow will remain the three largest fresh-
water sources. Unlike the relatively steady Bering Strait inflow, P-E is projected to rise with time and become
the second largest freshwater source around 2040. The transport through the BSO (i.e., the BSO inflow) has long
been considered as a freshwater sink for the Arctic Ocean (e.g., Haine et al., 2015), but this is projected to change
in the second half of the 21st century according to CMIP6 MMM results (see also Figures 10 and 11 in Zanowski
et al., 2021). The BSO salinity maintains a declining trend (Figure 7¢) and is going to be lower than 34.8 psu, the
reference salinity, around 2055, after which the BSO inflow is projected to become a freshwater supplier.

Of all the freshwater sinks, the outflow through Davis Strait remains relatively constant, while the Fram Strait
outflow grows persistently and contributes the largest freshwater export after 2010. In the SSP5-8.5 scenario,
the total solid freshwater outflow through the four gateways decreases fast and almost vanishes at the end of this
century, while in SSP2-4.5, this solid term is projected to decrease before 2060 and remain relatively steady after-
ward. In the historical period before 1990, a subtle balance was kept between sources and sinks (the black lines in
Figure 9). The balance was broken and biased to the source side after 1990, the time perfectly corresponding to
when observation started to record a freshening Arctic Ocean (Rabe et al., 2014). The sum of freshwater sources
and sinks keeps enlarging in the future warming scenario, leading to an increase of the total liquid freshwater
storage in the Arctic Ocean (Figure 6).

We found most CMIP6 models have simulated an overestimated LFWC already in their piControl runs, a reference
state that happened more than a century before the recently observed Arctic freshening (Figure S9 in Supporting
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Figure 10. CMIP6 multi-model mean (MMM) solid freshwater storage (unit: 10*xkm?) in (a) March and (b) September, and
the annual mean solid freshwater flux (unit: 10°xkm?/year) through (c) Bering Strait, (d) the Barents Sea Opening, (¢) Fram
Strait and (f) Davis Strait. The dashed line in each panel denotes the demarcation between historical simulation and future
projection. Positive numbers in panels (c—f) indicate net flux into the Arctic Ocean while negative stands for outflow. Shading
depicts the range of one standard deviation. The thin lines depict the 5th and 95th percentiles of the model ensemble. The
number in parenthesis in the legend of each panel means the number of models used in the MMM calculation. The PIOMAS
data are also provided for model-reanalysis comparison. The values shown in panels (a and b) are values for the Arctic
domain shown in Figure 1 and do not represent the whole ice-covered region. Note the difference of y-axis ranges between
Fram Strait flux (4.2 X 10° km?/year) and fluxes through the other three gateways (1.2 X 10° km?3/year). In panel e, two
estimations by Spreen et al. (2020) from different observation data are provided. See more details in their Figure 8.

Information S1). So the overestimated LFWC in the historical period (Figures 3, 5, and 6) was likely inherited
from the piControl run state which was caused by model deficiency in representing some important processes.
Rosenblum et al. (2021) found that some coupled models tend to simulate an unrealistic vertical mixing in the
upper Arctic Ocean and accordingly fail to capture the observed freshwater change in recent years.

4. Discussions

Throughout the analysis, we compared MMM results to observations, and found large inter-model spread in
model results. The large model scatter is not specific to coupled climate models but rather exists also in ocean-sea
ice models (Ilicak et al., 2016). Three potential error sources could contribute to and thus partly explain these
model spreads.
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Figure 11. (a) Annual mean freshwater sources and sinks for the Arctic Ocean in 1950-2100 (historical and under scenario SSP5-8.5) from CMIP6 multi-model mean
(MMM) results, (b) the same with (a) but for historical and SSP2-4.5. The thickness of each color stripe represents the quantity of that source or sink while the black
lines are the sum of all sources and sinks. Solid freshwater transport through the four gateways is shown as a whole. The dashed lines denote the demarcation between
the historical simulation and future projection. Positive indicates freshwater flux into the Arctic Ocean while negative stands for outflow.

The first type of uncertainty comes from the fact that we used only one member of realizations from each model, a
common practice in the model assessment works (e.g., Held & Soden, 2006; Shu et al., 2018). As observation and
simulation should be different realizations of the chaotic climate system, model-observation biases are bound to
exist. To prove the validity of using one realization member to represent the model's performance, we conducted
a multi-member comparison from three CMIP6 models, and each of them have 7 or more realizations (Figure S10
in Supporting Information S1). We found that for each model, although an intra-model spread does exist in the
LFWC simulation among different members, no significant difference exists between the ensemble-member mean
and individual members. This means that for each model, the model-observation biases in representing the clima-
tology or long-term mean are largely systematic biases inherent in that model, or internal variability is negligible
on a long time scale. The long-term mean of one realization can thus well represent the model's ability in simulat-
ing the mean state of Arctic freshwater. Zanowski et al. (2021) also reported that the intra-model spread is smaller
than the inter-model spread for both liquid and solid freshwater storage simulation in CMIP6 models. These were
also mentioned in a recent study by Khosravi et al. (2022) in that the difference in the simulated mean state in
the Arctic Ocean is smaller than the inter-model differences. Noteworthy is that, however, Zanowski et al. (2021)
highlighted the importance of internal variability in the estimation of fluxes through, for example, the Barents
Sea Opening. For these specific circumstances, it is more appropriate to include more realization members for
the assessment of a model's performance. It is also worth noting that although we used more CMIP6 models than
Zanowski et al. (2021) and hence some quantities such as the projected runoff discharge at the end of this century
might vary from that of Zanowski et al. (2021), major findings of this study, for example, overestimation of the
liquid freshwater storage by models and projected freshening of the Arctic Ocean in the future, remain unchanged.

The second type of uncertainty is related to the method that we used for flux calculation. Griffies et al. (2016)
suggested that original velocities without interpolation should be used and strait transects should be along the
original gridline of each model for flux computation. The grids employed by CMIP6 models are mostly different,
and there are always differences in their gridlines and hence the transect locations. To investigate the sensitivity
of flux calculation to changing section locations, we computed fluxes through three locations of each Arctic gate-
way based on two models. We found that changing the transect location could indeed introduce some variations in
the calculated flux. The minor difference, however, is trivial compared to inter-model differences (Figure S11 in
Supporting Information S1). Spreen et al. (2020) reported a similar finding that the calculation of sea ice volume
transport was insensitive to the exact gateway location. This means that the large spreads in the calculated volume
and freshwater fluxes shown in Figures 7 and 10 are in large part due to the inter-model differences (Figure 11).

The third type of error resides in the deficiency of CMIP models to physically describe the dynamical processes in
the Arctic Ocean. For example, model resolution can impact the spatial pattern of liquid freshwater in the Arctic
Ocean (Fuentes-Franco & Koenigk, 2019; Q. Wang, Wekerle, Danilov, Wang, & Jung, 2018). Model uncertainty
could be also due to important yet missing processes in the model. For example, it has been demonstrated that tides
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are able to enhance ocean mixing (Holloway & Proshutinsky, 2007) and hence the communication between the
Atlantic Water with cold and fresh surface waters (Luneva et al., 2015). Interactions between sea ice and waves are
also important in shaping the mixing of the upper ocean (Cole et al., 2018; Guthrie et al., 2013). The strength of
vertical mixing can significantly influence upper ocean salinity and hence the LFWC (J. Zhang & Steele, 2007).
Improvement in the representation of the Arctic salinity is expected if these missing processes can be adequately
incorporated into climate models. In addition, the Arctic freshwater budget is also determined by the atmospheric
processes and the ocean states in sub-Arctic seas. Therefore, improvements in each component model are required
in order to effectively reduce the overall uncertainties in the simulated Arctic freshwater storage and budget.

Uncertainties inherent in the observation and reanalysis datasets could also contribute to model-observation
biases. We employed the LFWC derived from PHC3.0 (Steele2001) as the LFWC observation and compared it
to CMIP6 results. In the Arctic Ocean, PHC3.0 is a blend of several observation-based data sources and bears its
own uncertainty. So far there is no error estimation for this product. In the SFWC assessments, the PIOMAS data
was used. Although PIOMAS is physically constrained by observed sea ice concentration the underlying model
still suffers from deficiencies as most of the ocean climate models do. Schweiger et al. (2011) reported that the
uncertainty of PIOMAS sea ice volume data can be as high as 2,800 km?3.

5. Conclusions

In the current study we assessed Arctic SSS and LFWC in 31 CMIP6 and 39 CMIP5 models. We then compared
volume and freshwater fluxes through oceanic gateways and three surface liquid freshwater budget terms (runoff,
precipitation minus evaporation, sea ice melting) to observation and/or reanalysis data, and assessed their future
changes. An assessment of the SFWC and gateway transports was also performed, after which a total budget
analysis involving all freshwater sources and sinks was conducted.

Relative to PHC3.0, the MMM of CMIP6 models more reasonably simulates Arctic SSS than CMIP5 models,
with both positive SSS biases in the Amerasian Basin and negative SSS biases in the Eurasian Basin diminishing
in CMIP6. On the other hand, CMIP6 models do not show improvement in the representation of LFWC, and
it even deteriorates in the Makarov Basin. Given the large model spreads in both CMIP phases, however, the
difference in both SSS and LFWC was insignificant between the two phases. Our quantitative analysis shows that
almost all CMIP5 and CMIP6 models overestimate the Arctic LFWC, both in the deep basins and averaged over
the whole Arctic Ocean.

Future climate warming renders a carry-on Arctic freshening as shown by CMIP6 scenario simulations, with SSS
decreasing in most parts of the Arctic Ocean and LFWC generally increasing especially along the continental
slope. The amplitudes of the SSS decrease and LFWC increase in CMIP6 are larger than in CMIP5. We also
found that CMIP6 models on average have a slight SSS rise in the central Eurasian Basin, while in CMIP5 the
center of SSS increase occurs in the Barents Sea. An increase in SSS implies a weakening in upper ocean stratifi-
cation and strengthening in vertical mixing, which probably presents a signal of Arctic Atlantification (Polyakov
et al., 2017) as a result of Arctic sea ice decline(Q. Wang et al., 2020; S. Wang et al., 2021). At the end of the 21st
century, the Arctic Ocean is projected to hold a total of 160,300 + 62,330 km? (141,590 + 50,310 km?) freshwater
in the SSP5-8.5 (SSP2-4.5) scenario, about 60% (40%) higher than the simulated historical climatology.

CMIP6 MMM can reasonably represent volume and freshwater transports through Arctic gateways and freshwater
fluxes from river runoff and precipitation minus evaporation (P-E). In the historical simulation, the climatolog-
ical freshwater net fluxes averaged over 1950-2005 from river runoff, P-E, and Bering Strait are 2,928 + 1,068,
1,839 + 3,424, and 2,538 + 1,009 km?/year, respectively. All of these freshwater sources will increase in the
future warming climate. In the last decade of this century, these values are projected to be 4,346 + 1,484 km3/
year (3,678 + 1,255 km?/year), 3,866 + 2,935 km3/year (3,145 + 2,651 km?3/year) and 2,631 + 1,119 km3/year
(2,649 + 1,141 km?/year) in the SSP5-8.5 (SSP2-4.5) scenario, while sea ice meltwater flux will decrease to
about zero around the mid of the 21st century in both scenarios. The BSO is a freshwater sink in the historical
simulation (—636 + 553 km?/year in 1950-2005), but it is projected to become a freshwater source due to the
persistently declining salinity in the BSO inflow, with the mean value in 2091-2100 rising to 1,033 + 1,496 km?/
year (449 + 1,222 km?/year) in SSP5-8.5 (SSP245). Of the two major freshwater sinks, freshwater export through
Davis Strait is projected to stay unchanged before 2060 and become higher afterward. The Fram Strait freshwater
export, on the contrary, is expected to increase first and then keep relatively stable afterward, staying to be the
largest Arctic freshwater sink at the end of the 21st century.
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Large inter-model spreads of SSS and LFWC exist in both CMIP6 and CMIP5 historical simulations, with CMIP6
models exhibiting smaller SSS but larger LFWC spreads. Among all the freshwater budget terms in CMIP6, net
precipitation exhibits the largest inter-model spread (one standard deviation is about 3,339 km?3/year). For the
climate change signals of the Arctic freshwater budget (anomalies relative to the mean of 1950s), the model
spread of the BSO freshwater transport in CMIP6 is smaller than in CMIPS5, but the spreads of sea ice meltwater
and P-E become larger in CMIP6. The model spreads of the climate change signals of Fram and Davis straits
freshwater export in CMIP6 remain similarly large as in CMIP5. Over all, no obvious reduction can be found in
the inter-model spreads of Arctic freshwater budget climate change signals in CMIP6 compared to CMIP5.

In this study, we discussed freshwater processes including freshwater storage in the Arctic Ocean and fluxes
through Arctic gateways. Some freshwater-related processes are still missing in the current CMIP models but are
worth mentioning here. The Greenland Ice Sheet melting is an important freshwater supplier but is ruled out by
current generation climate models. From 1995 to 2010, the Greenland Ice Sheet drains surface runoff and solid
ice with a rate of 77 + 7 km?/year into the Arctic Ocean (Bamber et al., 2012). The rate of ice sheet mass loss (and
hence freshwater input to the ocean) is likely to become even larger in the future and thus exceed the maximum
rates of the past 12,000 years (Briner et al., 2020). Incorporating the relevant cryosphere processes into climate
models will be necessary for improving simulation results and providing more faithful freshwater-related projec-
tions in the future (e.g., Ackermann et al., 2020; Muntjewerf et al., 2020).

Data Availability Statement

All CMIP5 and CMIP6 model simulations are available online (https://esgf-node.llnl.gov/projects/cmipS/and
https://esgf-node.llnl.gov/projects/cmip6). The PHC3.0 data can be downloaded from http://psc.apl.washington.
edu/nonwp_projects/PHC/Climatology.html, and the ORASS data is downloaded from https://www.cen.uni-ham-
burg.de/en/icdc/data/ocean/easy-init-ocean/ecmwf-orasS.html. The code for calculating fluxes through oceanic
gateways and plotting the figures can be downloaded from https://zenodo.org/record/6630376#.Y ycKKXZBxdi.
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